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HIGH ISOLATION SWITCH BUFFER FOR FREQUENCY HOPPING RADIOS 
FIELD OF THE INVENTION 

[0001] This invention relates generally to radio frequency (RF) receivers and 
transmitters, and in particular, to a frequency hopping RF transmitter and receiver which 
includes a limiter to provide improved isolation between a unselected local oscillator 
(LO) and a mixer. 

BACKGROUND OF THE INVENTION 

[0002] Frequency hopping receivers typically include a mixer selectively coupled to one 
of a plurality of local oscillators (LOs) producing LO signals cycling at different 
frequencies to down convert a frequency-moving RF signal. For instance, in a two-LO 
frequency hopping receiver, at a particular time the first LO is coupled to the mixer to 
down convert the received RF signal, while the second LO is de-coupled from the mixer. 
At another particular time, the first LO is de-coupled from the mixer, while the second 
LO is coupled to the mixer to down convert the received RF signal. To reduce 
interference in the down conversion of the received RF signal, it is desirable that there be 
no leakage of the LO signal generated by the unselected LO to the mixer. This concept is 
further explained in more detail with reference to an exemplary prior art receiver. 
[0003] Figure 1 illustrates a block diagram of a prior art frequency-hopping receiver 100. 
The prior art receiver 100 consists of a low noise amplifier (LNA) 102, an image-reject 
filter 103, a mixer 104, an intermediate frequency (IF) filter 106, and an IF amplifier 108. 
In addition, the prior art receiver 100 consists of an LO circuit having first LO source 
1 10, a second LO source 1 12, a first set of switching devices 114 and 1 15 in the form of 
field effect transistors (FETs), a second set of switching devices 1 16 and 117 also in the 
form of FETs, and a pair of 50-ohm loads. 

[0004] The LNA 102 amplifies the received RF signal. The image-reject filter 103 
further reject (i.e. suppresses) the image signal with respect to the desired signal. The 
mixer 104 mixes the RF signal with an LO signal generated by either one of the LO 
sources 110 (which generate LO signals cycling at different frequencies) to down convert 
the received RF signal to an IF signal. The IF filter 106 removes undesirable signals 
from the IF signal. And, the IF amplifier 108 amplifies the IF signal. 
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[0005] In receiving a frequency-hopping RF signal, the first and second sets of switches 
114-115 and 116-117 are operated to alternate the coupling of the LO sources 110 and 
1 12 to the mixer 104. More specifically, at a particular time the FET 1 14 is turned on to 
couple the first LO source 110 to the mixer 104 and the FET 115 is turned off to de- 
couple the LO source 110 from the 50-ohm load. At the same time, the FET 116 is 
turned off to de-couple the second LO source 1 12 from the mixer 104 and the FET 1 17 is 
turned on to couple the LO source 1 12 to the 50-ohm load. At another time, the FET 1 14 
is turned off to de-couple the first LO source 110 from the mixer 104 and the FET 1 15 is 
turned on to couple the LO Source 1 10 to the 50-ohm load. At the same time, the FET 
1 16 is turned on to couple the second LO source 1 12 to the mixer 104 and the FET 1 17 is 
turned off to de-couple the LO source 1 12 from the 50-ohm load. 

[0006] A problem with the prior art receiver 100 is that the first and second sets of FETs 
114-115 and 116-117 are not perfect in isolating the unselected LO source from the 
mixer. That is, when the FET 1 14 is turned on and FET 1 15 is turned off in order to 
couple the first LO source 1 10 to the mixer 104, and the FET 1 16 is turned off and the 
FET 117 is turned on in order to de-couple the second LO source 112 from the mixer 
104, there is still some leakage of the second LO signal across the FET 116. Conversely, 
when the FET 1 14 is turned off and FET 1 15 is turned on in order to de-couple the first 
LO source 110 from the mixer 104, and the FET 1 16 is turned on and FET 1 17 is turned 
off in order to couple the second LO source 112 to the mixer 104, again there is some 
leakage of the first LO signal across the FET 1 14. This leakage LO signal combines with 
the desired LO signal at the input to the mixer 104, and thus causes interference in the 
down conversion of the received RF signal. 

[0007] Thus, there is a need to improve the isolation between the unselected LO source 
and the mixer. Such need and others are met with an improved LO circuit in accordance 
with the invention. 

SUMMARY OF THE INVENTION 

[0008] A first aspect of the invention relates to a local oscillator (LO) circuit comprising 
a first LO source to generate a first periodic signal cycling at a first frequency, a second 
LO source to generate a second periodic signal cycling at a second frequency different 
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than the first frequency, a limiter, a first switching element to selectively couple the first 
LO source to the limiter, and a second switching element to selectively couple the second 
LO source to the limiter. The limiter improves the isolation of the leakage LO signal (i.e. 
the unselected LO signal) with respect to the selected LO signal. The improved isolation 
comes about because the limiter gain associated with the selected LO signal is greater 
than the gain associated with the leakage LO signal. 

[0009] In a more specific embodiment, the first and second switching elements each 
comprises a transistor, which may be a field effect transistor or other type of transistor. 
The LO circuit may further comprise a transformer coupled between the limiter and the 
first and second switching elements. The transformer generates first and second 
differential transformer outputs. 

[0010] The limiter may comprise a first differential transistor having a first conduction 
path and a first control input to control a resistance of the first conduction path, wherein 
the first control input is coupled to the first differential transformer output; a second 
differential transistor having a second conduction path and a second control input to 
control a resistance of the second conduction path, wherein the second control input is 
coupled to the second differential transformer output; a first resistive element coupled 
between the first conduction path and a power supply terminal; a second resistive element 
coupled between the second conduction path and the power supply terminal; and a 
current source coupled between the first and second conduction paths and a ground 
terminal. The first and second differential transistors may comprise bipolar transistors. 
[0011] Another aspect of the invention relates to a method for providing improved 
isolation between the unselected LO source and the mixer. The method comprises 
generating a first LO signal cycling at a first frequency; generating a second LO signal 
cycling at a second frequency different than the first frequency; activating a first 
switching element to substantially produce the first LO signal at a node; de-activating a 
second switching element to substantially de-couple the second LO signal from the node, 
wherein a leakage LO signal is also produced at the node; amplifying the first LO signal 
and the leakage LO signal at the node, wherein a gain associated with the first LO signal 
is greater than a gain associated with the leakage LO signal. 
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[0012] In addition, other aspects of the invention relate to a receiver and transmitter that 
uses the improved LO circuit. Other aspects, features and techniques of the invention 
will become apparent to one skilled in the relevant art in view of the following detailed 
description of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] Figure 1 illustrates a block diagram of a prior art frequency-hopping receiver; 
[0014] Figure 2 illustrates a block diagram of an exemplary frequency-hopping receiver 
in accordance with an embodiment of the invention; 

[0015] Figure 3 A illustrates a graph of an exemplary output voltage versus input voltage 
plot for the limiter; 

[0016] Figure 3B illustrates a graph of an exemplary gain plot for the limiter; 

[0017] Figure 3C illustrates a graph of the time-domain variation of the LO signal at the 

input of the limiter; 

[0018] Figure 4 illustrates a block diagram of another exemplary frequency-hopping 
receiver in accordance with another embodiment of the invention; 

[0019] Figure 5 illustrates a block diagram of an exemplary frequency-hopping 
transmitter in accordance with another embodiment of the invention; and 
[0020] Figure 6 illustrates a block diagram of another exemplary frequency-hopping 
transmitter in accordance with another embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0021] Figure 2 illustrates a block diagram of an exemplary frequency-hopping receiver 
200 in accordance with an embodiment of the invention. The frequency-hopping receiver 
200 comprises a low noise amplifier (LNA) 202, an image-reject filter 203, a mixer 204, 
an intermediate frequency (IF) filter 206, and an IF amplifier 208. In addition, the 
frequency-hopping receiver 200 further comprises an LO circuit having a first local 
oscillator (LO) source 210, a second LO source 212, a first set of switching elements 
214-215, a second set of switching elements 216-217, a pair of 50-ohm loads, and a 
limiter 220. 
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[0022] A received RF signal is directed to the input of the LNA 202 which amplifies the 
received RF signal. The image-reject filter 203, being coupled to the output of the LNA 
202, rejects (i.e. suppresses) the image signal with respect to the desired signal in the 
received RF signal. An input of the mixer 204, being coupled to the output of the image- 
reject filter 203, receives the amplified and filtered RF signal. 

[0023] The first LO source 210 generates a first LO signal cycling with a first frequency. 
The second LO source 212 generates a second LO signal cycling with a second frequency 
that is different than the first frequency. The first and second sets of switching elements 
214-215 and 216-217 selectively couple one of the LO sources 210 and 212 to the input 
of the limiter 220, and selectively de-couple the other of the LO sources 210 and 212 
from the input of the limiter 220. In this example, the first and second sets of switching 
elements 214-215 and 216-217 are field effect transistors (FETs), but other switching 
devices can also be used, such as p-i-n diodes. 

[0024] As will be discussed in more detail later, the limiter 220 provides further isolation 
of the leakage LO signal with respect to the selected LO signal. The output of the limiter 
220 is coupled to a second input of the mixer 204. The mixer 204 mixes the amplified 
and filtered RF signal with the selected LO signal to down convert the RF signal into an 
IF signal. The IF filter 206, being coupled to the output of the mixer 204, removes 
undesired signals from the IF signal generated by the mixer 204. The IF amplifier 208, 
being coupled to the output of the IF filter 206, amplifies the IF signal. 
[0025] As discussed in the Background section, a source of interference in frequency- 
hopping receivers is the leakage of the unselected LO signal from the corresponding LO 
source to the mixer. That is, when switching element 214 is turned on and switching 
element 215 is turned off to couple the first LO source 210 to the mixer 204, and 
switching element 216 is turned off and switching element 217 is turned on to de-couple 
the second LO source 212 from the mixer 204, there is still some leakage of the second 
LO signal across the switching element 216 (e.g. the leakage signal may be 
approximately 30dB below the selected LO signal). Conversely, when switching device 
214 is turned off and switching element 215 is turned on to de-couple the first LO source 
210 from the mixer 204, and switching element 216 is turned on and switching element is 
turned off to couple the second LO source 212 to the mixer 204, again there is some 
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leakage of the first LO signal across the first switching element FET 214. This leakage 
LO signal combines with the selected LO signal at the input to the mixer 204, and thus 
causes interference in the down conversion of the received RF signal. 
[0026] However, in the exemplary frequency-hopping receiver 200 in accordance with 
the invention, the limiter 220 provided between the switching elements 214 and 216 and 
the mixer 204 further suppresses the leakage LO signal with respect to the selected LO 
signal. The reason for the suppression of the leakage LO signal is that the limiter 220 
provides a larger gain for relatively large-amplitude signals cycling at a first frequency 
and a smaller gain for relatively small-amplitude signals cycling at a second frequency 
different than the first frequency. This concept will be explained with reference to the 
graphs depicted in Figures 3A-B. 

[0027] Figure 3A illustrates a graph of an exemplary output voltage Vout versus input 
voltage Vin plot for the limiter 220. As the graph illustrates, the small signal gain 
centered at the input voltage Vi N being zero (0) is relatively large, indicated by the high 
slope of the curve near Vin = 0- At higher input voltage Vin levels, the gain reduces as 
indicated by the ever decreasing slope of the curve. At the input of the limiter 220, the 
LO leakage signal, being much lower amplitude and cycling at a different frequency than 
the selected LO signal, rides on the envelope of the selected LO signal. In other words, 
the amplitude of the selected LO signal is modulated by the LO leakage signal, as shown 
in Figure 3C. Since the LO leakage signal rides on the peaks of the selected LO signal, 
its gain is relatively small since the limiter 220 is in compression at relatively high input 
voltages. Whereas the selected LO signal, which cycles about Vin = 0, has a relatively 
high gain because the limiter 220 is operating in a more linear region. This concept may 
be further explained with reference to Figure 3B. 

[0028] Figure 3B illustrates a graph of an exemplary gain plot for the limiter 220. As the 
graph illustrates, the gain provided by the limiter 220 is maximum at an input signal 
cycling about zero Volt. If the input signal above or below zero Volt, the gain provided 
by the limiter 220 is substantially reduced. Since the selected LO signal cycles about 
zero Volt, the gain provided by the limiter 220 is relatively high. However, for the LO 
leakage signal, which rides on the envelope of the selected LO signal, the gain provided 
by the limiter 220 is relatively small The difference in gain associated with the selected 
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LO signal and the leakage LO signal provides further isolation between the unselected 
LO source and the mixer. This concept will now be illustrated mathematically with 
reference to a more specific embodiment of the receiver described below. 
[0029] Figure 4 illustrates a block diagram of another exemplary frequency-hopping 
receiver 400 in accordance with another embodiment of the invention. The receiver 400 
comprises an LNA 402 to amplify the received RF signal, an image reject filter 403 to 
reject the image signal, a mixer 406 to down convert the received RF signal into an IF 
signal, an IF filter 408 to reject undesired signals generated by the mixer 406, and an IF 
amplifier 410 to amplify the IF signal. In addition, the receiver 400 comprises an LO 
circuit comprising a first LO source 410 to generate a first periodic signal cycling at a 
first frequency, a second LO source 412 to generate a second periodic signal cycling at a 
second frequency different then the first frequency, a first set of switching elements 414- 
415 (e.g. FETs) to selectively couple and de-couple the first LO source 410 to and from 
the mixer 406, a second set of switching elements 416-417 (e.g. FETs) to selectively de- 
couple and couple the second LO source 412 from and to the mixer 406. The first and 
second sets of switches couple the unselected LO source to the corresponding 50-ohm 
load. 

[0030] The LO circuit further comprises a transformer 420, coupled to both switching 
elements 414 and 416, to convert the LO signal into a differential LO signal. In addition, 
the LO circuit comprises a limiter 422 including a differential pair of transistors Ql and 
Q2 (e.g. bipolar transistors), a pair of resistive elements Rl and R2 coupled between the 
respective collectors of the transistors Ql and Q2 and a power supply Vcc, and a current 
source 424 coupled between the emitters of the transistors Ql and Q2 and ground 
terminal. A 50-ohm resistive element is coupled across the secondary winding of the 
transformer 420. The differential outputs of the limiter 422 are taken off the respective 
collectors of the transistors Ql and Q2. The differential ouptuts of the limiter 422 may 
be applied to the mixer 406 if it accepts differential LO inputs, or may be converted back 
to a single-ended output with the use of another transformer (not shown). The limiter 
422 provides higher gain for the selected LO signal than for the leakage LO signal, 
thereby further improving the isolation of the leakage LO signal between the unselected 
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LO source and the mixer 406. This characteristic of the LO circuit is mathematically 
shown as follows. 

[0031] Mathematically, the selected LO signal may be represented as Vsin(cot) and the 
leakage LO signal may be represented as m sin(co + Aco)t, where V is the amplitude of the 
selected LO signal at the input of the limiter 422, m is the amplitude of the leakage LO 
signal at the input to the limiter 422, co is the frequency of the selected LO signal, and Aco 
is the difference in frequency between the selected LO signal and the leakage LO signal. 
Accordingly, the total signal^ at the input of the limiter 422 may be represented as: 

y = Vsin(cot) + m sin(o + Aco)t Equation 1 

Using trigonometric identities, the total signal y may be represented as: 

y = Vsin(cot) + m sincot cosAcot + m sinAcot cosot Equation 2 

[0032] Assuming that the difference in frequency Ao between the selected LO signal and 
the leakage LO signal is very small as compared to the frequency co of the selected LO 
signal (i.e. Aco « co), then the term sinAcot may be approximated as being zero (0). 
Thus, the total signal;; may be approximated as: 



[0033] As Equation 3 illustrates, the total signal y may be viewed as a large signal V 
sincot being amplitude modulated by a small signal m cosAcot (see Figure 3C). Because 
the small signal amplitude modulates the larger signal, the small signal excursion occurs 
around the skirts of the gain function of the limiter 422 shown in Figure 3B. However, 
the excursion of the large signal occurs around the center of the gain function of the 
limiter 422. Thus, the gain associated with the large signal gain is substantially greater 
than the gain associated with the small signal. 

[0034] Mathematically, the transfer function of the differential transistor pair Ql and Q2 
of the limiter 422 may be represented as: 



y = (V + m cosAcot) sincot 



Equation 3 




Equation 4 
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[0035] Taking the differentiation of Equation 4 with respect to Vin yields the dynamic 
conductance of the limiter 422 represented as follows: 



(I 



EE 



2V X 

V j 



sech' 



Vin 
2V T 



Equation 5 



[0036] As discussed above, the large signal Vsin(a)t) has excursions of gm around Vin = 
0. The limiter 422 large signal gain is found by arriving at an average gm (gmav) over a 
period of the input waveform. This large gain may be represented as follows: 



Glarge = gmavR L = 
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Equation 6 



where R L = Rl = R2. Thus, the large signal gain is gmavRL. 



[0037] The small signal gain is obtained by evaluating gm function at the large signal 
amplitude V, as the small signal excursion are on the envelope. Accordingly, the small 
signal gain may be represented as follows: 



Gss = R L 
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Equation 7 



[0038] The isolation, which is a function of the ratio of the large signal gain over the 
small signal gain, may be represented as follows: 



Iso = 20 log 
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Equation 8 



[0039] An isolation of greater than 50 dB can be achieved with an input voltage Vin 
greater than five (5) times the threshold voltage of the transistors Ql and Q2. 
[0040] Figure 5 illustrates a block diagram of an exemplary frequency-hopping 
transmitter 500 in accordance with another embodiment of the invention. The novel LO 
circuit discussed above with reference to the receiver 200 may also be incorporated into 
the frequency-hopping transmitter 500. The transmitter 500 comprises an IF amplifier 
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502 to amplify an IF signal, an image reject filter 503 to reject the image signal, a mixer 
504 to up convert the IF signal into an RF signal, an RF filter 506 to reject undesired 
signals generated by the mixer 504, and an RF power amplifier 508 to amplify the RF 
signal. In addition, the transmitter 500 comprises an LO circuit including a first LO 
source 510 to generate a first periodic signal cycling at a first frequency, a second LO 
source 512 to generate a second periodic signal cycling at a second frequency different 
than the first frequency, a first set of switching elements 514-515 (e.g. FETs) to 
selectively couple and de-couple the first LO source 510 to and from the mixer 504, a 
second set of switching elements 516-517 (e.g. FETs) to selectively de-couple and couple 
the second LO source 512 from and to the mixer 504. The LO circuit further includes 50- 
ohm loads to provide a load for the unselected LO source. The LO circuit further 
comprises a limiter 520 to provide further isolation of the leakage LO signal with respect 
to the selected LO signal, as discussed above. 

[0041] Figure 6 illustrates a block diagram of another exemplary frequency-hopping 
transmitter 600 in accordance with another embodiment of the invention. The novel LO 
circuit discussed above with reference to the receiver 400 may also be incorporated into 
the frequency-hopping transmitter 600. The transmitter 600 comprises an IF amplifier 
602 to amplify an IF signal, an image reject filter 603 to reject the image signal, a mixer 
604 to up convert the IF signal into an RF signal, an RF filter 606 to reject undesired 
signals generated by the mixer 604, and an RF power amplifier 608 to amplify the RF 
signal. In addition, the transmitter 600 comprises an LO circuit including a first LO 
source 610 to generate a first periodic signal cycling at a first frequency, a second LO 
source 612 to generate a second periodic signal cycling at a second frequency different 
than the first frequency, a first set of switching elements 614-615 (e.g. FETs) to 
selectively couple and de-couple the first LO source 610 to and from the mixer 604, a 
second set of switching elements 616-617 (e.g. FETs) to selectively de-couple and couple 
the second LO source 612 from and to the mixer 604. The LO circuit further includes 50- 
ohm loads to provide a load for the unselected LO source. 

[0042] The LO circuit further comprises a transformer 620, coupled to both switching 
elements 614 and 616, to convert the LO signal into a differential LO signal. In addition, 
the LO circuit comprises a limiter 622 including a differential pair of transistors Ql and 
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Q2 (e.g. bipolar transistors), a pair of resistive elements Rl and R2 coupled between the 
respective collectors of the transistors Ql and Q2 and a power supply Vcc, and a current 
source 624 coupled between the emitters of the transistors Ql and Q2 and ground. A 50- 
ohm resistive element is coupled across the secondary winding of the transformer 620. 
The differential outputs of the limiter 622 are taken off the respective collectors of the 
transistors Ql and Q2. The differential ouptuts of the limiter 622 may be applied to the 
mixer 604 if it accepts differential LO inputs, or may be converted back to a single-ended 
output with the use of another transformer (not shown). The limiter 622 provides higher 
gain for the selected LO signal than for the leakage LO signal, thereby further improving 
the isolation of the leakage LO signal from the mixer 604. 

[0043] The frequency-hopping receivers and transmitters described herein are merely 
examples, and could vary substantially from a hardware standpoint depending on the 
applications and requirements of the receivers and transmitters. For instance, single- 
ended or balanced mixers can be used in connection with the novel LO to down convert 
or up convert the desired signal. Additional amplification stages for the RF and/or IF 
signal may be provided. Additional filters for filtering the RF and/or the IF signal may 
also be provided. Other hardware that perform power monitoring, control, and other 
function may also be provided. 

[0044] In the foregoing specification, the invention has been described with reference to 
specific embodiments thereof It will, however, be evident that various modifications and 
changes may be made thereto without departing from the broader spirit and scope of the 
invention. The specification and drawings are, accordingly, to be regarded in an 
illustrative rather than a restrictive sense. 
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